cDNA microarray; stress response; immune genes; retrotransposons CULTURED SHRIMP ARE CONTINUOUSLY exposed to variations in environmental conditions such as water temperature, dissolved oxygen, and salinity levels, some of which can cause stress. In shrimp, the relationship between environmental conditions and a modification of the immune system is largely unknown (18, 26, 37, 38, 48) . To date, research has been focused mainly on measuring susceptibility to bacterial pathogens and quantitative analysis of a limited number of immune parameters, such as total and differential hemocyte counts, modulation of the prophenoloxidase activity, and release of reactive oxygen intermediates (reviewed in Refs. 25, 37) . In contrast, work on the relationship between environmental conditions or stressors and susceptibility to viral infections in shrimp is limited, although increasing in recent years, with one report describing the relationship between salinity and infectious hypodermal and hematopoietic necrosis virus (IHHNV) in Litopenaeus vannamei (5), one report describing the effect of acute salinity change on white spot syndrome virus (WSSV) outbreaks in Fenneropenaeus chinensis (40) , one report describing the effect of Taura syndrome virus infection on salinity tolerance in L. vannamei (42) , a few reports on the effect of water temperature on the pathogenicity (22, 24, 65) and replication (23) of WSSV in L. vannamei, one report describing the effect of water temperature on IHHNV replication in L. vannamei (45) , and one report describing the effect of different types of stress on gill-associated virus (GAV) titer in Penaeus monodon (13) .
A number of genes involved in the shrimp innate immune system have been identified recently and characterized, including those involved in hemolymph coagulation (28, 60) , pattern recognition receptors (56) , antibacterial proteins and peptides (3, 15, 58) , and a limited number of proteins with antiviral properties (43, 68) . Despite significant advances in the identification and characterization of these genes and the wide range of physiological information available on the link between environmental stress and some indicators of immune vigor (e.g., total hemocyte counts, prophenoloxidase activity, and quantitation of reactive oxygen species), the influence of different stressors on gene expression in shrimp has been understudied.
The analysis of differential gene expression in shrimp exposed to environmental stress can reveal adaptive mechanisms to stress. Stress-induced expression of immune response genes may influence the shrimp's capacity to fight pathogens. Microarray analysis allows the expression profiling of thousands of transcripts simultaneously, some of which can be of unknown sequences (41, 57) . To address the genetic changes underlying the effect of environmental stress on the general health status and the immune vigor of shrimp, we developed a cDNA microarray for P. monodon hemocytes and used it to interrogate the effect of short-term environmental stress exposure on gene expression in the shrimp. This study describes, to our knowledge, the first utilization of cDNA microarray technology for the study of temporal changes in gene expression profiles of shrimp exposed to different types of stress.
MATERIALS AND METHODS

Environmental Stress Exposures for Construction of cDNA Libraries
exposures. For the hyperthermic treatment, water temperature was raised from 29 to 35°C (at a rate of 2°C/h), and shrimp were kept at this elevated water temperature for 24 h, after which the temperature was reduced slowly to 29°C (at a rate of 1°C/h). For osmotic exposure, the salinity in three additional tanks was reduced from 35 to 10 parts per thousand (ppt), and shrimp were kept under these hypoosmotic conditions for 8 h, at which time the salinity was returned to normal. For hypoxic exposure, the oxygen level in three of the tanks was reduced to 1 part per million (ppm), and shrimp were kept under these hypoxic conditions for 8 h, at which time the air stones were returned into the tanks. Control tanks were kept at 29°C, 35 ppt salinity, and under continuous aeration.
Shrimp (average weight 15.9 g) were sampled from the experimental tanks (3 animals/tank) immediately following the second exposure on day 8, before restoration of the normal state. The weight and molting stage were recorded for each individual shrimp as previously described (55) , and hemolymph (ϳ400 l) was withdrawn from the ventral sinus with a 1-ml syringe and a 21-gauge needle containing 500 l of ice-cold anticoagulant solution (64) and transferred into a 1.5-ml centrifuge tube. Hemocytes were separated from the plasma by centrifugation at 750 g for 4 min, the plasma was discarded, and the hemocytes were snap-frozen in liquid nitrogen.
Environmental Stress Exposures for Microarray Analysis
For microarray analysis, a second group of juvenile P. monodon (average weight 14.9 g) was collected from a local shrimp farm, acclimated for 5 days in 12 100-liter tanks, and exposed to the same 3 environmental stressors described above with some minor modifications. The stress exposure was carried out only once, and the hyperthermic exposure was carried out at 35.5°C.
Shrimp were sampled after acclimation (time 1; T1) (1 animal/ tank), immediately following the first challenge on day 1 (T2) (2 animals/tank), after a 24-h short recovery (T3) (2 animals/tank), and at the end of the experiment (T4) (day 10 postacclimation) (all remaining animals). Hemocyte sampling was carried out as described above.
Total RNA Extraction
RNA extraction was performed as previously described (13) . Briefly, hemocytes were homogenized in TRIzol-LS (Invitrogen), and RNA from individual shrimp was isolated according to the manufacturer's instructions. Total RNA was DNase treated using DNA-free (Ambion) according to the manufacturer's instructions, ethanol precipitated, and quantified spectrophotometrically. Total RNA integrity was checked by agarose gel electrophoresis.
Construction of cDNA Libraries
Suppression subtractive hybridization (SSH) (17) was used to generate cDNA libraries enriched for genes that are regulated under different types of environmental stress exposure. Double-stranded cDNA was prepared from 2 g of poly(A) RNA extracted from shrimp hemocytes (equal amounts of RNA from 3 shrimp were pooled together for cDNA preparation) and digested with RsaI, and tester and driver cDNAs were generated for treatments and controls using the PCR-Select cDNA Subtraction kit (Clontech) according to the manufacturer's instructions. The PCR-amplified cDNA fragments generated by SSH were then ligated into the plasmid pGEM-T Easy (Promega) and used to transform High Efficiency JM109 competent cells (Promega) according to the manufacturer's instructions. Six different SSH cDNA libraries were constructed, enriching for both upand downregulated genes during osmotic, hypoxic, and hyperthermic environmental stress exposure. A total of 1,248 random recombinant colonies were handpicked, cored, and further amplified in 96-well plates with LB broth with 100 g/ml ampicillin.
A nonnormalized full-length enriched cDNA hemocyte library in TriplEx2 was also constructed from hemocytes of a single hyperthermically stressed shrimp using the SMART cDNA library construction kit (Clontech) following the manufacturer's instructions for long-distance PCR. The cDNA ligated into TriplEx2 arms was packaged using the Gigapack III Gold packaging system (Stratagene) and the phage used to infect Escherichia coli, strain XL1-blue cells. A total of 2,688 random recombinant plaques were cored and the phage eluted in SM buffer (Stratagene).
PCR Amplification and Construction of cDNA Microarray
The insert from each of the 3,936 cDNA fragments from the SSH libraries and the nonsubtracted hemocyte library was PCR amplified using either plasmid TriplEx2 (pTriplEx2) sequencing forward and reverse primers (Clontech) for clones from the pTriplEx2 cDNA library or SSH nested primers-1 and -2R (Clontech) for clones from the SSH libraries. PCR products were assessed by agarose gel electrophoresis (27) , isopropanol precipitated, washed with 70% ethanol, and resuspended in 60 l of 4ϫ SSC-0.1% sarkosyl. The 4,032 DNA elements composed of PCR products from the different cDNA libraries and a series of controls [complementary data are publicly available at the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus, project no. GPL4890] were spotted in duplicate onto polylysine-coated glass slides using a GMS 417 Arrayer robot (Genetic Microsystems). Postprocessing of the slides was accomplished as previously described (66) .
Microarray Processing
RNA from different individual shrimp exposed to the same treatment was pooled together into 23 different groups (Table 1) and then amplified by use of the Message Amp II amplified RNA (aRNA) amplification kit (Ambion), following the manufacturer's instructions for one-round amplification.
Labeled cDNA was prepared as described by Woods et al. (66) , with some modifications. Briefly, 2 g of aRNA were reverse transcribed using an oligo(dT18) primer (50 M), 1.25 mM dNTP mix (Biotech International) with a ratio of 4:1 aminoallyl-dUTP to dTTP (Sigma), 10 mM DTT, 600 units of Superscript III (Invitrogen), and 60 units of RNAseOUT (Invitrogen) in a 30-l reaction volume. RNA was hydrolyzed by the addition of 3 l of 1 M NaOH and 3 l of 0.5 M EDTA, followed by heating to 65°C for 15 min. The solution was neutralized by the addition of 3 l of 1 M HCl. Following synthesis, aminoallyl-labeled cDNA (aa-cDNA) was purified using the Millipore Montage PCR cleanup kit, following the manufacturer's instructions, and dried down, and the pellet was resuspended in 4.5 l of freshly prepared 100 mM sodium carbonate (pH 9.0). A total of 100 ng of Cy3 or Cy5 reactive dyes (resuspended in 4.5 l of DMSO) (Amersham) were added to the respective aa-cDNAs, and the coupling reaction was allowed to proceed at room temperature for 1.5 h in the dark. Unincorporated dyes were removed from the reaction by the addition of 4 M hydroxylamine. Cy3-and Cy5-labeled cDNA was then combined and purified using a Qiagen QIAquick PCR cleanup kit.
Human Cot1 DNA (10 g, Invitrogen) and 2 g of poly(dA) (Roche) were added to the purified probe mix and dried before resuspension in 30 l of 4ϫ SSC (0.6 M sodium chloride and 60 mM sodium citrate), 40% deionized formamide, and 0.1% SDS. Following incubation at 95°C for 5 min, and then 45°C for 90 min, the labeled probe mix was loaded onto the microarray chip, and hybridization was carried out for 16 h at 45°C. Following hybridization, the microarray chip was washed twice with 0.2ϫ SSC-0.05% SDS and two more times with 0.2ϫ SSC. Slides were then dried by centrifugation at 600 rpm for 5 min. Finally, Cy3 and Cy5 fluorescence hybridized to the cDNA elements spotted onto the microarray chip was detected with a GMS-418 Array Scanner (Genetic Microsystems) using Imagene 4.2 software (BioDiscovery).
An even-loop hybridization design (34) with 2 independent (replicate) loops and 12 slides per loop was used to perform a time series comparison of the gene expression profiles in juvenile shrimp subjected to different types of stress (Fig. 1) . Both loops contained different pooled aRNA sample sets to provide biological replication and estimation of population variability (31) (32) (33) .
Data Acquisition, Filtering, and Normalization
Only genes with a signal-to-noise ratio (computed by dividing the background-corrected intensities by the standard deviation of the background pixels) Ͼ1.0, scored in both dyes and with at least 24 readings across the 24 slides, were used in this study. Signal intensities were base-2 logarithm (log 2) transformed and normalized by a multivariate mixed-model approach, as previously described (51) , by the following equation
where y is the vector of all the intensity signals (N ϭ 202,636), background corrected and log 2 transformed; X is the incidence matrix relating signals in y to systematic fixed effects in ␤, including array slide, printing block, and fluorescent dye channel; ZE1 is the incidence matrix relating y to random effects in c corresponding to the clones (N ϭ 2,841) printed on the array that passed the filtering criteria; ZE2 is the incidence matrix relating y to random effects in a corresponding to the three-way interaction of clone by array and printing block; Z E3 is the incidence matrix relating y to random effects in d corresponding to the interaction of clone by the two fluorescent dye channels; Z E4 is the incidence matrix relating y to random effects in t corresponding to the interaction of clone by the 12 experimental treatment conditions; and e is the random error associated with signals in y.
The variance components were estimated by restricted maximum likelihood, using VCE4 software (available at http://www.tzv.fal.de/ ϳeg/vce4/vce4.html). The fitting of the above model provided best linear unbiased prediction (BLUP) solutions that were the basis for the normalization methods.
Identification of Differentially Expressed Genes
Five different contrasts of interest were analyzed: contrast 1, gene expression pattern in the control group at different time points (T1, T2 ϩ T3, and T4); contrast 2, gene expression pattern in the osmotically stressed group at different time points (T1, T2, T3, and T4); contrast 3, gene expression pattern in the hypoxically stressed group at different time points (T1, T2, T3, and T4); contrast 4, gene expression pattern in the hyperthermically stressed group at different time points (T1, T2, T3, and T4); and contrast 5, gene expression profile between different types of stress and controls at T2 (immediately following stress).
The list of differentially expressed genes for each particular contrast of interest was determined by comparing the solutions of the BLUP model between sampling points or varieties (from now on referred to as variety) for each particular gene (i) according to the multivariate equation described below, where for each gene in i, the difference between the solutions in A (variety 1; e.g., hyperthermic stress at T2) and B (variety 2; e.g., controls at T2) provides a measure of the expression differences between A and B (Eq. 2)
Large positive di values are likely to belong to genes whose expression is upregulated in variety A and downregulated in variety B, whereas large negative values are likely to belong to genes whose expression is downregulated in variety A and upregulated in variety B.
The gene solutions were compared among the varieties in each contrast of interest, and the 3.1% most extreme values (either negative or positive) were selected as differentially expressed genes. This cut-off value of 3.1% was selected from the total variance attributed to the gene by variety interaction (see RESULTS).
To compensate for the false discovery rate that results from analyzing multiple contrasts, the list of differentially expressed genes selected for each individual contrast was divided by 5 (total no. of contrasts), selecting the genes with the most extreme changes in expression. This adjusted list of differentially expressed genes was used for further analysis.
Cluster Analysis
Gene expression patterns were identified by unsupervised hierarchical cluster analysis using a colored representation of the data matrix (20) and PermutMatrix software (8) with the Euclidean distance clustering algorithm.
Array Sensitivity
The sensitivity of the microarray experiment was defined as the minimum detectable concentration at which the probability of erro- Each circle represents a pool of samples, described in Table 1 . Each arrow represents an individual hybridization on a single slide, with the tail of the arrow being the RNA labeled with Cy5 and the head representing the RNA labeled with Cy3. This loop analysis was performed twice for a total of 24 separate hybridizations.
neously detecting a differential gene expression (type I error) equals that of not detecting a genuine differential expression (type II error) and was determined as previously described (52) .
Sequencing
cDNA clones that appeared to be differentially expressed were further characterized by unidirectional sequencing. For the differentially expressed genes from the -cDNA library, TriplEx2 clones were converted into pTripleEx2 by the in vivo excision and circularization of a complete plasmid from the recombinant phage. Plasmids were isolated from single colonies of the subsequent cultures using the Qiagen Miniprep kit according to the manufacturer's instructions. Plasmid samples were directly sequenced from the 5Ј-end with the Clontech TripleEx2F sequencing primer (Clontech), using an ABI3700 sequencer and Big Dye terminator reactions. Clones (PCR products) from the SSH libraries were unidirectionally sequenced using the Clontech SSH nested 1 primer and the DYEnamic ET Terminator cycle sequencing kit (Amersham) in a MegaBase 1000 (Amersham).
Sequences obtained were visually examined for possible sequencing errors; vector and adaptor sequences were removed, and the resulting sequences were checked for redundancy using Sequencher 4.1.4 software (Gene Codes). Sequences with Ͼ90% similarity over at least 20 continuous bases were grouped into the same contig and regarded as redundant. The final sequences were exported as text files to Biomanager at the Australian National Genome Information Service (ANGIS; http://www.angis.org.au) and submitted for basic local alignment search tool (BLAST)X, BLASTN, and FASTA searches (1, 47) for matches to known sequences in SwissProt, SpTrEMBL, and GenBank databases. Database searches were limited to expressed sequence tags (ESTs) Ͼ200 bp in length, and matches with E-values Ͻ10 Ϫ5 were considered significant. Open reading frame finder (http://www. ncbi.nlm.nih.gov/gorf/gorf.html) was used to identify the size of potential open reading frames in the differentially expressed genes.
Quantitative Real-Time PCR for Selected Genes
To confirm the microarray results, real-time quantitative (q)RT-PCR was used to evaluate the expression levels of six different genes in hemocytes of shrimp subjected to environmental stress. Experimental cDNAs from hemocytes of shrimp exposed to different stressors (same RNA samples used in the microarray hybridization) were generated as previously described (13) . Briefly, 400 ng of DNase-treated total RNA were reverse transcribed with 2.5 M random hexamer primers in a 20-l reaction volume. Following reverse transcription, all cDNAs were diluted fourfold in nuclease-free water and stored at Ϫ20°C.
Real-time qRT-PCR reactions were performed in duplicate, and each of them contained 2 l of diluted cDNA (20 ng of total RNA equivalents), 1ϫ Platinum SYBR Green I qPCR Supermix buffer (Invitrogen), and 300 nM forward and reverse primers (Table 2) in a 15-l reaction volume. The amplification profile consisted of an initial denaturation step at 95°C for 2 min and then 40 cycles of 95°C for 10 s, 60°C for 15 s, and 72°C for 20 s (acquiring), followed by a melt from 72 to 95°C with a 5-s hold for each step in a Rotor-Gene 3000-G thermocycler. The resulting profile was analyzed using Rotor-Gene 6.0.14 software (Corbett Research). Amplification efficiencies for all qRT-PCR primers were determined as described previously (49) . The relative mRNA expression levels for all of these genes in shrimp subjected to different types of stress were determined with Q-Gene software (46) using ED501 (GenBank accession no. EG026283) as the internal reference (normalizer) gene. This gene, the putative function of which in shrimp could not be assigned because of a lack of similarity to other genes in the public databases (no hits by BLAST analyses), was initially identified with the microarray analysis as constantly expressed in shrimp hemocytes by selecting those genes with the smallest variation (standard deviation) in expression levels between treatments and varieties. Its expression levels in hemocytes of shrimp exposed to different treatments were further analyzed by real-time qRT-PCR.
To test the biased effects of sample pooling and aRNA amplification in the isolation of differentially expressed genes, both pooled amplified aRNA and pooled unamplified RNA (same pools used for the aRNA amplification) and individual unamplified RNA samples from the same experimental animals were analyzed for their relative hemocyanin expression using real-time qRT-PCR. cDNAs from the pooled aRNA samples were produced as described above.
Biological Interpretation
The biological interpretation of the results was determined by classifying genes that are differentially expressed into functional classes as described in the Gene Ontology database (http://www. geneontology.org).
RESULTS
Shrimp Survival and General Condition During the Experiment
There were no significant differences in survival among treatments (Kaplan-Meier, chi square ϭ 1.8, P ϭ 0.178), with all tanks showing survival close to 100%. Typical signs of stressed shrimp such as reduction in food consumption and red coloration were observed only during the stress exposure for the hypoxic and thermal stress treatments. No red coloration, lack of appetite, or tail degeneration was observed in the hypoosmotic treatment during exposure or in any of the experimental shrimp once the stress was removed.
Generation and Characterization of the P. monodon cDNA Microarray
A shrimp cDNA microarray chip containing 4,032 spots in duplicate was produced by printing a series of PCR products from P. monodon hemocyte cDNA libraries (6 SSH cDNA libraries and 1 full-length cDNA library in TripleEx2) and a series of controls. Some clones that produced poor-quality PCR products were reamplified, and both the original as well as the reamplification products were included on the microarray. Therefore, some clones were printed four times rather than twice, resulting in a microarray chip containing 3,853 individual clones (from now on referred to as elements).
Of the 3,853 elements in the array, 2,841 (73%) passed the filtering and editing criteria. Additional information for data quality such as median-to-mean correlation (62) and scatter and M-A plots (19, 67) for each hybridization is available as supplemental data at the NCBI Gene Expression Omnibus (GPL4890 and GSE7456) and at ftp://ftp.aims.gov. au/pub/SHRIMP%20MICROARRAY/GEXEX_Database/ Introduction.htm.
After log 2 transformation and normalization of data by multivariate mixed-model ANOVA, the variance component for each random factor in the model, as well as the proportion of total variance accounted for by each factor, was estimated. The mixed-model analysis estimated a residual of 4.80 and a 95.4% goodness of fit. The total variance accounted for by genes was 89.1%, for the gene ϫ array and printing block interaction 3.1%, for the gene ϫ dye interaction 0.1%, and for the gene ϫ variety (treatment-day) interaction 3.1%.
The 3.1% total variance attributed to the gene-by-variety interaction is equivalent to the amount of total variation that can be attributed to the differentially expressed genes (53) . As a result, it was determined that 3.1% of the genes were differentially expressed.
The list of differentially expressed cDNA clones was determined from the BLUP solutions for each gene in different varieties being contrasted. After compensation for multiple testing, 145 clones were selected as differentially expressed.
The P. monodon hemocyte cDNA microarray had a sensitivity of 35 transcripts per million (tpm) determined from the point of equilibrium between the distribution of transcript abundance and the expression intensity readings observed for the differentially expressed clones.
Expression Response to Environmental Stress
Sequence analysis of the 145 clones that are differentially expressed in response to environmental stress revealed that 72% of these clones had no significant similarity to any previously reported sequences, and an additional 11% had significant similarities to genes in the public databases with unknown function (Fig. 2) . Among those clones for which a putative function could be assigned, the most common groups were those with immune-related functions and polymerase (POL) from non-long terminal repeat (non-LTR) retrotransposons (Table 3).
Hypoxic stress. Two different contrasts were involved in the identification of differentially expressed clones in response to hypoxic stress. For the time series contrast, 75 clones were differentially expressed. Among the few of these clones for which a putative function could be assigned through sequence similarities, crustin (C0960) was downregulated and transglutaminase was upregulated immediately following stress (T1 to T2). In addition, a human-like protease inhibitor with a whey acidic protein domain (clones P0810, P1609, and P1646) and a P. japonicus-like protease inhibitor (clone C0968) were downregulated between T3 and T4.
For the hypoxic-to-control contrast at T2, 26 clones were identified as differentially expressed. From those for which a putative function could be assigned, hemocyanin (clones C0065, C1551, and C1613) and crustin (C0960) were downregulated, whereas 16S mitochondrial genes (clones P1214 and P2202) were upregulated, in response to hypoxic stress.
Osmotic stress. For the time series contrast, 69 cDNA clones were identified as differentially expressed in response to osmotic stress. Among those clones for which a putative function could be assigned, five corresponded to hemocyanin (clones C0065, C1551, C1552, C1596, and C1613), which was upregulated between T1 and T2; one corresponded to transglutaminase (P1837), which was upregulated during the shortterm recovery (T2 to T3); and three had matches to the POL region of non-LTR retrotransposons (clones C0959 and C1849, similar to a non-LTR retrotransposons in Drosophila melanogaster, and C1666, similar to MosquI-Aa2 in Aedes aegypti). These non-LTR retrotransposon-like clones were downregulated immediately following hypoosmotic exposure (T1 to T2) followed by an upregulation during the short recovery (T2 to T3).
For the osmotic-to-control contrast at T2, a strong downregulation in gene expression was observed in 44 of the 45 differentially expressed cDNA clones. Among those clones for Continued which a putative function could be assigned, transglutaminase (P1837) and three non-LTR retrotransposon genes (C0959, C1666, and C1849) were downregulated. Hemocyanin was the only gene whose expression levels were upregulated in response to osmotic stress. Hyperthermic stress. For the time series contrast, 68 cDNA clones were identified as differentially expressed. Four of these clones corresponded to hemocyanin (C1551, C1552, C1596, and C1613), which was downregulated during the short recovery period (T2 to T3) followed by an upregulation during the long recovery period (T3 to T4). One clone (C0858), similar to the POL region of a non-LTR retrotransposon from D. melanogaster, was downregulated in response to thermal stress (T1 to T2). Two additional retrotransposons (C0032, similar to a non-LTR retrotransposon from D. melanogaster, and C0771, similar to an I factor from D. teissieri) were upregulated only between T3 and T4 (long recovery period). Lysozyme (clone C0041) was downregulated in response to hyperthermic exposure (T1 to T2) followed by an upregulation during the short recovery period (T2 to T3). Ribosomal S-24 protein (clone C0453) was upregulated during the long recovery phase (T3 to T4).
For the hyperthermic-to-control contrast at T2, 30 clones were identified as differentially expressed, 14 of which were downregulated in response to stress. Downregulated genes for which a putative function could be assigned included lysozyme (C0041) and three clones with similarity to non-LTR retrotransposons (C0858, C0032, and C0071).
Controls. For the control group, 49 clones were identified as differentially expressed through time. Among those genes for which a function could be assigned, a non-LTR retrotransposon (C0032) was downregulated between T3 and T4, hemocyanin (C0065, C1551, C1596, and C1613) was upregulated between T1 and T2T3 (pool of samples from T2 and T3), a protease inhibitor (P0510) was upregulated between T3 and T4, and 16S mitochondrial sequences (P1214 and P2202) were upregulated between T3 and T4.
Common Stress Response Between Treatments
Gene expression analysis immediately following stress exposure (T2) revealed a common stress response among various treatments. For hypoxic and hyperthermic exposures, there were eight differentially expressed cDNA clones having the same patterns of expression. Four clones (C0386, C0406, C1008, and C1012) were downregulated in both treatments, and four clones (P0552, P0930, P1741, and P2868) were upregulated in both treatments. The expression levels for these eight cDNA clones were not modified following the osmotic exposure.
There was also a common stress response between osmotic and hyperthermic exposures, with six clones (C0959, C1666, C1849, P1520, P2234, and P2312) being downregulated in response to stress for both treatments (see Fig. 4B ).
There was no common stress response between osmotic and hypoxic treatments.
Hierarchical Cluster Gene Expression Analysis in Response to Stress
To analyze and interpret the data, stress-responsive genes were clustered for each treatment (osmotic, hypoxic, hyperthermic, and controls) according to their temporal expression patterns using a hierarchical clustering program (Fig. 3) . This hierarchical clustering of the temporal gene expression patterns for each treatment revealed significant differences in the way various types of environmental stressors affect transcription through time in shrimp hemocytes. Transcriptional analysis through hierarchical clustering according to treatment immediately following stress (Fig. 4A ) resulted in two separate clusters: one for the control and hypoosmotic stress treatment and the other for the hypoxic and hyperthermic treatments, revealing global similarities in transcription between those treatments within a group or cluster. Cp, expression pattern in control group from T1 to T2T3 (pool of samples from T2 and T3) and T2T3 to T4; Op, expression pattern in osmotic stress group from T1 to T2, T2 to T3, and T3 to T4; Hp, expression pattern in hypoxic stress group from T1 to T2, T2 to T3, and T3 to T4; Tp, expression pattern in thermal stress group from T1 to T2, T2 to T3, and T3 to T4; O vs. C, expression pattern in the osmotic stressed vs. the control groups at T2; H vs. C, expression pattern in the hypoxic stressed vs. the control groups at T2; T vs. C, expression pattern in the thermal stressed vs. the control groups at T2; F, flat (no significant difference between varieties); U, upregulated; D, downregulated; BLAST, basic local alignment search tool. *Clones with same letters were grouped into the same contig. Blanks correspond to nonredundant sequences, which were not grouped into any contig.
Confirmation of Microarray Data by Real-Time qRT-PCR
Clone ED501, identified by microarray analysis as constitutively expressed between treatments, was selected as a normalizer for real-time qRT-PCR analysis of the differentially expressed genes. The constant expression of clone ED501 in hemocytes of shrimp exposed to different types of environmental stress was confirmed by real-time qRT-PCR (data not shown).
Six different putative genes classified as differentially expressed by microarray analysis were selected, and their differential expression in shrimp exposed to environmental challenges was evaluated by real-time qRT-PCR. All six genes analyzed (hemocyanin, lysozyme, 2 different retrotransposons, a clone with a significant similarity to an Anopheles gambiae gene with unknown function, and 1 clone with no significant match to sequences in the public databases) were confirmed as being differentially expressed in response to environmental stress (Fig. 5, A-H) .
A similar gene expression pattern was observed for hemocyanin with both microarray and real-time qRT-PCR analysis. The pooling of samples and linear amplification of aRNA did not cause a significant bias in the relative transcript abundance for hemocyanin (Fig. 6, A-C) .
The same significant differences in transcript abundance among treatments and/or time points were observed for all genes, regardless of the analysis method (microarray or realtime qRT-PCR), except for the hyperthermic pattern in the MosquI-Aa2 non-LTR retrotransposon (ED363), in which a significant downregulation was observed between T1 and T2 with microarray analysis but not with real-time qRT-PCR (Fig. 5) .
DISCUSSION
In this study, a first-generation cDNA microarray from P. monodon hemocytes was developed to study the impact of three types of stress, osmotic, hypoxic, and hyperthermic, on gene expression in shrimp. Because the emphasis was on the impact of stress on the immune response genes, circulating hemocytes, which play a major role in shrimp immunity (63), were used for construction of cDNA libraries and microarray analysis in this study.
Technical Aspects of the Microarray
Various parameters of microarray quality control, such as spot morphology (62), dye intensity biases or M-A plots (19) , and low level of variability between replicate samples of the same experimental condition and in self hybridizations, revealed the high quality of the data being generated with this shrimp microarray. A computational method to determine microarray sensitivity without the need to use spiked controls (52) revealed a sensitivity of 35 tpm. This value is below the 250 tpm observed in a mouse microarray (7), the 50 tpm observed in a human cell microarray (39) , and values between 100 and 400 tpm reported by Reverter et al. (51) but higher than the Affymetrix short-oligo arrays with reported sensitivities in the range of 3-20 tpm (10). The lower the value in transcripts per million, the more sensitive a microarray is and the higher the likelihood of identifying differentially expressed clones from among rare gene transcripts (Reverter et al., Ref. 52) . Hence, the relatively low values or "good" sensitivity obtained with the shrimp array is expected to allow the identification of differential expression even for rare transcripts.
Biological Interpretation of Microarray Analysis
The low number of differentially expressed genes for which a putative function could be assigned limited a biological interpretation to their expression patterns. Nevertheless, cluster analysis revealed some characteristic stress-specific responses. A significant overall reduction of mRNA transcript abundance (referred to as downregulation) in gene expression was observed in the osmotic stress with 44 of 45 differentially expressed clones being downregulated following the hypoosmotic exposure. It has been shown in shrimp that high-energy expenditure is required under hypoosmotic conditions to maintain a hyperosmotic extracellular fluid (50) . Therefore, this global repression in gene expression may suggest an energysaving mechanism to compensate for the amount of energy required for osmoregulation. A similar downregulation of gene expression associated with a reduction in energy consumption has been previously suggested in zebrafish exposed to hypoxia (61). Hemocyanin is the only gene upregulated (significant increase in mRNA transcript abundance) in response to the osmotic challenge, suggesting the vital importance of this protein in the physiological adaptation to hypoosmotic exposure. An increase in the concentration of hemolymph protein, of which hemocyanin is the main component (36) , has been observed in crustaceans as a result of exposure to low salinities (59) . A rapid twofold increase of hemocyanin concentration in the circulating hemolymph was observed in the crab Carcinus maenas when exposed to a hypoosmotic stress by reduction of water salinity by one-half (4). In the shore crab C. aestuarii, a reduction in water salinity from 35 to 11 ppt induced a transitory 30% increase in hemolymph copper, protein, and hemocyanin concentrations within 6 h following stress exposure (16) . The increase in hemocyanin mRNA transcription in osmotically stressed shrimp identified here by microarray analysis and real-time qRT-PCR and our previous observations by suppression subtractive hybridization using independent shrimp populations suggest that hemocyanin upregulation is conserved in the hypoosmotic stress response of crustaceans. Although the implications of an increase of hemocyanin concentration in the hemolymph remain unclear, it could have significance far beyond oxygen transport, as it has been suggested that hemocyanin is involved in amino acid and protein storage (4) and enzymatic activities and may even have antiviral properties (68) . In fact, the finding of high levels of hemocyanin transcripts in shrimp hemocytes following hypoosmotic stress is novel. Hepatopancreas is the main site of hemocyanin production (36) , and it is commonly believed that hemocyanin transcription is limited to this organ (54) despite previous observations of hemocyanin transcripts among hemocyte EST collections in the public databases (e.g., GenBank accession nos. CK591319, CK591488). Regulated hemocyanin transcription in hemocytes could be an indication of a novel physiological function of hemocytes that should be further investigated.
Among those genes downregulated in response to a hypoosmotic exposure are three clones with significant similarity to the POL region of non-LTR retrotransposons. The differential expression of these types of elements in response to environmental stress exposures had been observed previously by suppression subtractive hybridization and real-time qRT-PCR analyses using independent shrimp populations exposed to the same types of stress (E. de la Vega, B. M. Degnan, M. R. Hall, and K. J. Wilson, unpublished data). The fact that similar observations were obtained with microarray analysis suggests their importance in the shrimp's stress response to environmental change. An exposure to hypoxic conditions results in a complex gene expression pattern through time with about the same number of genes being up-and downregulated. Because most of the differentially expressed clones could not be annotated, the interpretation of the results is very limited. From those cDNA clones for which a putative function could be assigned, a few immune-related genes are regulated in response to hypoxic exposure. Transglutaminase, an important gene involved in blood coagulation (28) , is upregulated immediately following hypoxic stress. An increase in transglutaminase transcription has been previously observed in surviving shrimp following a Vibrio infection, which is an indication of its importance in the immune response (14) . The regulation of other immune-related genes was affected by hypoxic exposure, with a downregulation of crustin immediately following stress and downregulation of two types of protease inhibitors, one with a Kunitz inhibitor domain and the other with a whey acidic protein (WAP) domain, during the long-term recovery phase after hypoxic exposure. Because of the involvement of these proteins in various aspects of microbial control such as blood coagulation, prophenoloxidase cascades, and selective pathogen digestion among others (30) , their downregulation in response to hypoxic stress might increase the shrimp's susceptibility to microbial infections. Moreover, the fact that both crustin (3) and one of the differentially expressed proteinase inhibitors contain WAP domains (12) , and that both proteins were downregulated in response to hypoxic exposure, suggests that the WAP family of proteins could be involved in the hypoxic stress response in shrimp.
For the hyperthermic stress exposure, a series of novel stress response genes were identified for which a putative function could be assigned to three clones with significant similarity with POL in non-LTR retrotransposons. The expression of these non-LTR retrotransposons was downregulated immediately following the hyperthermic stress and upregulated during the short recovery period. The downregulation of these non-LTR retrotransposons was also observed following an osmotic stress, suggesting their involvement in a common stress response.
There was a common stress response between osmotic and hyperthermic treatments, with the downregulation of the same six clones in both treatments, and between hypoxic and hyperthermic stress, with eight genes having the same patterns of expression between the two treatments. A common stress response has been observed in yeast, where 10% of all genes are equally regulated between different types of environmental stress (9) , and in Drosophila, where 38% of the differentially expressed genes display similar responses to oxidative and endoplasmic reticulum stresses (21) . Moreover, certain similarities are observed between the common environmental response described in yeast (9) and flies, with heat shock genes, genes involved in the detoxification processes, or genes associated with fatty acid metabolism and DNA repair showing similar patterns in all stress conditions studied (21) .
No putative DNA repair, heat shock proteins, or any of the previously characterized hypoxia-responsive genes from crabs (6) were identified among the differentially expressed genes in shrimp. However, this first-generation microarray has Ͻ4,000 random cDNA clones from six subtracted and one unsubtracted hemocyte library, which results in gene redundancy. By analyzing only mRNA from shrimp hemocytes with a relatively small number of unique probes (unique genes spotted in the microarray), only a small proportion of the shrimp transcriptome is being evaluated. Moreover, a strict filtering criteria and strategy to compensate for the false discovery rate associated with multiple testing resulted in a conservative list of genes with the most "extreme" differential expression. Therefore, the lack of appearance of DNA repair or heat shock proteins (Hsp) among the differentially expressed genes does not mean they are not regulated in response to environmental stress. This is further supported by previous experiments using anti-Hsp70 antibodies that revealed an upregulation of Hsp70 following hyperthermic stress (11, 13) .
Cluster analysis based on time points for each particular stressor revealed some significant temporal differences in the shrimp's response toward the different types of environmental stress exposures. For instance, T1 in the hypoxically stressed shrimp formed a separate cluster from T2, T3, and T4, which suggests a long-term stress response following the low oxygen exposure (Fig. 3) . For the osmotic challenge, T1 and T3 were clustered together, with T2 and T4 in separate branches of the clustering tree. These findings suggest that the osmotic challenge is characterized more by a short-term response, with gene expression returning to prestress levels within 24 h postexposure (short-term recovery). The hyperthermic exposure was characterized by a late host response, with an increase in the severity from T2 to T3 and then a return to normal 7 days later (T4), as observed in the three separate clusters. Cluster analysis of the control group reveals differences in expression linked with time, which could be a response to the long-term retention in the experimental tanks. The deleterious effects of holding juvenile shrimp in experimental tanks have been observed previously, with an associated increase in GAV concentration and a low-level constant mortality (13) . Further characterization of differentially expressed genes in the time series analysis for the control group may therefore provide some indications of the detrimental changes in shrimp physiology that result from long-term holding in tanks.
Cluster analysis between the different treatments immediately following stress (Fig. 4A) revealed what appear to be differing levels of severity in the short-term host response, with hypoxic and hyperthermic stressors causing the most extreme response, and the osmotic stress having the least variation in expression profiles relative to the control. These expression data agree with the clear differences in shrimp physical appearance and behavior (e.g., red coloration and reduction in food consumption for the hypoxic and hyperthermic treatments) observed during the stress period, suggesting a possible association between the severity of the stressor and body coloration, reduction in food consumption, and gene expression profiles.
A striking feature of the microarray analysis was the differential expression of transposable and repetitive elements in stressed shrimp. Exposure to different stressors has been shown to stimulate the expression of transposable elements (TEs) in yeast, plants, insects, and fish (2, 29, 35, 44) . The present observations with microarray analysis reveal that stress can also regulate TE transcription in shrimp. At this stage, the physiological implications of stress-regulated TE transcription would be purely speculative, as there is no evidence of transposition or regulation of surrounding genes. Further characterization of these elements by full-length sequencing and genomic stability studies is required to determine the physiological implication of their stress-regulated transcription. A similar characterization is also required for most other differentially expressed genes identified in the microarray experiment for which a putative function could not be assigned. Full-length cDNA sequencing of those genes is required before classifying them as novel stress-regulated genes, or perhaps as poorly conserved untranslated regions of previously known genes from better-characterized organisms.
In addition, changes in gene expression associated with environmental stress reported here originate from circulating hemocytes and thus could be influenced by variations in relative abundance of different hemocyte populations. Thus future gene expression studies involving hemocytes should include an estimation of relative abundance of various types of hemocytes by techniques such as differential hemocyte counts.
In summary, a series of novel stress-specific and common stress-responsive genes were identified. A large percentage of these stress-responsive genes were non-LTR retrotransposons, microsatellites, and sequences with short predicted open reading frames (data not shown), suggesting the involvement of noncoding and repetitive elements in environmental stress response. In addition, the observation of a stress-specific host response by microarray analysis that included the regulated expression of various immune-related genes further supports previous reports on the close relationship between environmental stress, host response, and susceptibility to disease. 
